Searching for Traces of Planck-Scale Physics with High Energy Neutrinos by Stecker, Floyd W. et al.
ar
X
iv
:1
41
1.
58
89
v3
  [
he
p-
ph
]  
9 F
eb
 20
15
Searching for Traces of Planck-Scale Physics with High Energy Neutrinos
Floyd W. Stecker
Astrophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA and
Department of Physics and Astronomy, University of California at Los Angeles, Los Angeles, CA 90095
Sean T. Scully
Department of Physics and Astronomy,
James Madison University
Harrisonburg, VA 22807, USA
Stefano Liberati
SISSA - International School for Advanced Studies
Via Bonomea 265, Trieste 34136, Italy and
INFN Sezione di Trieste, Trieste, Italy
David Mattingly
Department of Physics, University of New Hampshire
Durham, New Hampshire 03824, USA
High energy cosmic neutrino observations provide a sensitive test of Lorentz invariance violation
(LIV), which may be a consequence of quantum gravity theories. We consider a class of non-
renormalizable, Lorentz invariance violating operators that arise in an effective field theory (EFT)
description of Lorentz invariance violation in the neutrino sector inspired by Planck-scale physics
and quantum gravity models. We assume a conservative generic scenario for the redshift distribu-
tion of extragalactic neutrino sources and employ Monte Carlo techniques to describe superluminal
neutrino propagation, treating kinematically allowed energy losses of superluminal neutrinos caused
by both vacuum pair emission (VPE) and neutrino splitting. We consider EFTs with both non-
renormalizable CPT -odd and non-renormalizable CPT -even operator dominance. We then compare
the spectra derived using our Monte Carlo calculations in both cases with the spectrum observed
by IceCube in order to determine the implications of our results regarding Planck-scale physics. We
find that if the drop off in the neutrino flux above ∼ 2 PeV is caused by Planck scale physics, rather
than by a limiting energy in the source emission, a potentially significant pileup effect would be
produced just below the drop off energy in the case of CPT -even operator dominance. However,
such a clear drop off effect would not be observed if the CPT -odd, CPT -violating term dominates.
PACS numbers: 11.30.Cp, 95.85.Ry, 03.30.+p, 96.50.S-
I. INTRODUCTION
General relativity has been a fundamental tenet of
physics for almost a century. Similarly, quantum field
theory has also proved crucial to a deep understanding
of physics, both as a fundamental framework to describe
subatomic particles, and as a framework that describes
emergent phenomena in condensed matter. However,
merging the two theories naively yields an incomplete
theory at the Planck scale of λPl =
√
Gh¯/c3 ∼ 10−35
m [1] as general relativity is not perturbatively renor-
malizable. In their efforts to provide a UV (i.e., high
energy) completion for quantum general relativity, many
quantum gravity theories introduce drastic modifications
to space-time at the Planck scale (e.g., [2]). Examples of
this are extra dimensions theories and postulating fun-
damental discreteness of space-time, with the building
blocks of nature being extended objects.
One possible modification to space-time structure that
has received quite a bit of attention is the idea that
Lorentz symmetry is not an exact symmetry of nature.
Such a proposal is rather tame when compared with
other quantum gravity ideas as historically the symme-
try groups used to model physical phenomena have in-
evitably evolved over time. Lorentz symmetry violation
has been explored within string theory [3], loop quan-
tum gravity, Horˇava-Lifshitz gravity, causal dynamical
triangulations, non-commutative geometry, doubly spe-
cial relativity, among others (see, e.g., Refs. [4] and [5]
and references therein).
While it is not possible to directly investigate space-
time physics at the Planck energy of ∼ 1019 GeV, many
lower energy testable effects have been predicted to arise
from the violation of Lorentz invariance (LIV) at or near
the Planck scale. The subject of investigating LIV has
therefore generated much interest in the particle physics
and astrophysics communities.
In this paper we propose using high energy astrophysi-
cal neutrino data to search for traces of such Planck-scale
physics. We use the IceCube data [6] to investigate the
possible effects of LIV terms arising within the context of
an effective field theory (EFT) such as generalized in the
standard model extension (SME) formalism. We concen-
2trate on the lowest order Planck-mass suppressed opera-
tors, viz., the mass dimension [d] = 5 and [d] = 6 terms
that arise in an EFT description of LIV in the neutrino
sector, showing the effect that these terms produce on
the propagation of extragalactic high energy neutrinos.
We then discuss the specific implications of our results,
placing improved limits on the strength of the [d] = 6 op-
erator and ruling out dominance of CPT violation from
a [d] = 5 five operator.
II. FREE PARTICLE PROPAGATION AND
MODIFIED KINEMATICS
In the effective field theory (EFT) formalism, LIV can
be incorporated by the addition of terms in the free par-
ticle Lagrangian that explicitly break Lorentz invariance.
Since it is well known that Lorentz invariance holds quite
well at accelerator energies, the extra LIV terms in the
Lagrangian must be very small. The EFT is considered
an approximation to a true theory that holds up to a
limiting high energy (UV) scale.
A. Mass dimension [d] = 4 LIV with rotational
symmetry
For an introduction as to how LIV terms affect par-
ticle kinematics, we consider the simple example of a
free scalar particle Lagrangian with an additional small
dimension-4 Lorentz violating term, assuming rotational
symmetry [7] (see also Section IIB).
∆Lf = ∂iΨ
∗ǫ∂iΨ. (1)
This leads to a modified propagator for a particle of mass
m
− iD−1 = (p2(4) − m
2) + ǫp2. (2)
so that we obtain the dispersion relation
p2(4) = E
2 − p2 ⇒ m2 + ǫp2. (3)
In this example, the low energy ”speed of light” max-
imum attainable particle velocity (c = 1), here equal to
1 by convention, is replaced by a new maximum attain-
able velocity (MAV) as vMAV 6= 1, which is changed by
δv ≡ δ = ǫ/2.
∂E
∂|~p|
=
|~p|√
|~p|2 +m2v2MAV
vMAV , (4)
which goes to vMAV at relativistic energies, |~p|
2 ≫ m2.
For the [d] = 4 case, the superluminal velocity of par-
ticle I that is produced by the existence of one or more
LIV terms in the free particle Lagrangian will be denoted
by
vI,MAV ≡ 1 + δI (5)
We are always in the relativistic limit |~p|2 ≫ m2 for both
neutrinos and electrons. Thus, the neutrino or electron
velocity is just given by equation (5). We note that in
the case where [d] > 4 Planck-suppressed operators dom-
inate, there will be LIV terms that are proportional to
(E/MPl)
n, where n = [d]−4, leading to values of δI that
are energy dependent (see next section).
B. Fermion operators in standard model extension
effective field theory
Colladay and Kostelecky´ [8] proposed a comprehensive
EFT framework for quantifying and cataloging the em-
pirical effects of small violations of CPT and Lorentz in-
variance known as the standard model extension (SME).
The SME adds all possible Lorentz violating operators
to the standard model that preserve the internal gauge
symmetries and hence it is, in some sense, the most gen-
eral possible model. The total SME consists of hundreds
of operators, many of which are very tightly constrained.
The full SME can be simplified by imposing that sub-
groups of the Lorentz group or discrete symmetries such
as CPT be preserved. One common and useful simplifica-
tion is that rotational invariance is still a good symmetry
of nature in one particular frame (e.g., [7]). It is natural
to take this frame to be the rest frame of the 2.7 K cos-
mic background radiation (CBR), a special frame picked
out by the universe itself. Our motion with respect to
this frame is only β ≃ 10−3. We will assume rotation
invariance is preserved in the CBR frame for the rest of
this paper and that our slight motion with respect to this
frame will not significantly affect our results.
Since the rotation subgroup is compact it can be ex-
plored much more thoroughly than the boost subgroup,
which is non-compact. Hence rotation symmetry is much
more tightly experimentally constrained. For example,
Horˇava-Lifshitz gravity [9], one of the most popular quan-
tum gravitational models that breaks Lorentz symme-
try, postulates a preferred foliation for space-time but
no other additional geometric structure. In the reference
frame associated with the foliation, rotation invariance
is therefore preserved, as the directions associated with
motion along a leaf of the foliation are indistinguishable.
With the assumption of rotational invariance the num-
ber of possible operators for cosmic neutrinos drops sig-
nificantly. In addition, since we will be considering the
effects of Lorentz violation on freely propagating cos-
mic neutrinos we only need to examine Lorentz violat-
ing modifications to the neutrino kinetic terms. All
such terms for Dirac fermions can be written by cou-
pling derivatives of the fermion wave function to a unit
norm vector field ua, which defines the preferred frame.
(Majorana couplings are ruled out in SME in the case of
rotational symmetry [10]. Hence, for consistency we will
also assume a [d] = 4 Dirac mass term for neutrinos.) In
natural units h¯ = c = 1 the additional terms of interest
up to mass dimension six that generate the correspond-
3ing lowest order corrections to the propagation of a free
fermion ψ are
∆Lf = −Mbψ¯γ5(u · γ)ψ (6)
−iψ¯(u · γ)(dLPL + dRPR)(u ·D)ψ
+M−1ψ¯(eLPL + eRPR)(u · γ)(u ·D)
2ψ
−M−1ψ¯(u ·D)2(fLPL + fRPR)ψ
−iM−2ψ¯(u ·D)3(u · γ)(gLPL + gRPR)ψ.
Here PL,R are the chiral projection operators 2PL,R =
(1 ∓ γ5), D is the gauge covariant derivative, and M is
a length scale, presumably set by quantum gravity. We
will take M to be the Planck energy MPl for the rest of
this paper. The corresponding dimensionless coefficients
b, dL,R, eL,R, fL,R, gL,R can in principle be different for
each fermion species and are what can be constrained by
experiment.
There are many ways the above LIV modifications to
the Lagrangian can affect neutrino physics. They give
rise to an energy dependent effective neutrino mass, and
so change the patterns of neutrino oscillations. They
also introduce corrections to the matrix elements for ex-
isting interactions as well as create new interactions be-
tween standard model fermions and ua. However, for
our purposes, the most important effect these terms have
is to change the kinematics of particle interactions with
matrix elements governed by existing standard model
physics. Since the Lorentz violating operators change the
free field behavior and dispersion relation, interactions
such as fermion-antifermion pair emission by neutrinos
become kinematically allowed [7] and can cause signifi-
cant observational effects if the neutrinos are slightly su-
perluminal. An example of such an interaction is electron
neutrino splitting νe → νe+ νi+ ν¯i where i is a flavor in-
dex. Neutrino splitting can be represented as a rotation
of the Feynman diagram for neutrino-neutrino scattering
which is allowed by relativity. However, absent a viola-
tion of Lorentz invariance, neutrino splitting is forbidden
by conservation of energy and momentum. As we shall
see, the dominant pair emission reactions are neutrino
splitting and its close cousin, vacuum electron-positron
pair emission (VPE) νi → νi + e
+ + e−, as these are the
reactions with the lightest final state masses. We now set
up a simplified formalism to calculate the observational
effect of these two specific anomalous interactions on the
neutrino spectrum seen in IceCube.
Varying the standard Dirac Lagrangian with the extra
Lorentz violating terms in equation (6) with respect to
ψ and looking for wave solutions with definite helicity
s = ±1 yields the corresponding species dependent par-
ticle dispersion relation. At high energies, assuming that
the Lorentz violating terms yield small corrections to E
and p, it follows that E ≃ p and one can treat helicity
and chirality as degenerate. We then find the dispersion
relation
E2 − p2 = m2 + (1− s)
(
dLp
2 + eL
p3
MPl
+ gL
p4
M2Pl
)
(7)
+(1 + s)
(
dRp
2 + eR
p3
MPl
+ gR
p4
M2Pl
)
+
m
MPl
(fL + fR)p
2 + fLfR
p4
MPl
.
It follows from equation (7) that we are assuming a power
expansion in momentum with MPl taken as the UV scale
that fixes its domain of validity to be p ≤ MPl. As the
above relation makes clear, multiple coefficients in the
Lagrangian yield the same kind of dispersion modifica-
tion, with the deviations scaling as E2+n for n = 0, 1, 2.
Free particle observations therefore cannot directly test
a single Lorentz violating coefficient. In addition, ob-
servable Lorentz violating effects from anomalous parti-
cle interactions generally depend on combinations of the
coefficients for different species.
A useful simplified formalism for analyzing such kine-
matics that highlights the physical process is to wrap the
additional Lorentz violating terms into an effective mass
term, m˜I(E), which is the right hand side of equation
(7) labeled by a particle species index I. We can further
identify m˜(E) using equation (3), yielding the relation
m˜2(E) = m2 + 2δIE
2, (8)
where the velocity parameters δI are now energy depen-
dent dimensionless (c = 1) coefficients for each species
that can be directly identified from the fundamental pa-
rameters in the Lagrangian. Therefore constraining δI
for a particle provides limits on the fundamental Lorentz
violating Lagrangian. Similarly, we define the parameter
δIJ ≡ δI − δJ as the Lorentz violating difference between
the velocities of particles I and J . In general δIJ will
therefore be of the form
δIJ =
∑
n=0,1,2
κIJ,n
(
E
MPl
)n
. (9)
The κνe,0 coefficient has already been tightly con-
strained [11] from the observation of extraterrestrial PeV
scale neutrinos by the IceCube collaboration [6]. If
we wish to assume the dominance of Planck-suppressed
terms in the Lagrangian as tracers of Planck scale
physics, we make the assumption here that κνe,0 ≪
κνe,1, κνe,2
1 Alternatively, we may postulate the exis-
tence of only Planck-suppressed terms in the Lagrangian,
i.e., κνe,0 = 0. We can further simplify by noting the
important connection between LIV and CPT violation.
1 Several mechanisms have been proposed for the suppression of
the LIV [d] = 4 term in the Lagrangian. See, e.g., the review in
Ref. [5].
4Whereas a local interacting theory that violates CPT in-
variance will also violate Lorentz invariance [12], the con-
verse does not follow; an interacting theory that violates
Lorentz invariance may, or may not, violate CPT invari-
ance. LIV terms of odd mass dimension [d] = 4 + n are
CPT -odd and violate CPT , whereas terms of even mass
dimension are CPT -even and do not violate CPT [13].
We can then specify a dominant term for δIJ in equa-
tion (9) depending on our choice of CPT . Considering
Planck-mass suppression, the dominant term that admits
CPT violation is the n = 1 term in equation (9). On the
other hand, if we require CPT conservation, the n = 2
term in equation (9) is the dominant term. Thus, we can
choose as a good approximation to equation (9), a single
dominant term with one particular power of n by speci-
fying whether we are considering CPT even or odd LIV.
As a result, δIJ reduces to
δIJ ≡ κIJ,n
(
E
MPl
)n
(10)
with n = 1 or n = 2 depending on the status of
CPT . Constraints are therefore most directly expressed
in terms of limits on κνe,1 and κνe,2. For [d] > 4 the
superluminal velocity excesses are given as integral mul-
tiples of κνe,1 and κνe,2 through the group velocity re-
lation given by equation (4). We note that in the SME
formalism, since odd-[d] LIV operators are CPT odd, the
CPT -conjugation property implies that neutrinos can be
superluminal while antineutrinos are subluminal or vice
versa [10]. This will have consequences in interpreting
our results, as we will discuss later.
We note that the ν is used here generically for all three
neutrino flavors, νe, νµ, and ντ We have also put no helic-
ity index on κIJ,n. Since the fundamental parameters in
the Lagrangian are helicity dependent we have made an
additional, a priori unjustified simplification. Let us first
deal with the issue of helicity dependence in κνe,n. For
processes mediated by standard model matrix elements,
only left-handed neutrinos can be constrained. Therefore
we are insensitive to dR, eR, fR, gR in the neutrino sector
and can never generate a helicity dependence this way.
In the n = 1 case, a helicity dependence must be gener-
ated in the electron sector due to the CPT odd nature of
the LIV term, but the constraints on the electron coeffi-
cient are extremely tight from observations of the Crab
nebula [14, 15],, and so the contribution to κνe,1 from the
electron sector can be neglected. Therefore there is no
helicity dependence in κνe,1. For n = 2 we can set the
left and right handed electron coefficients to be equal by
imposing parity symmetry, which we do here.
We will further assume that all neutrino flavors have
the same LIV coefficient, δν . This assumption is sup-
ported by neutrino oscillation results that find that veloc-
ity differences among neutrino flavors are equal to within
one part in 1022 [16].
III. LIMITS ON LIV IN THE NEUTRINO
SECTOR
In this section we consider the constraints on the LIV
parameter δνe. We first relate the rates for superluminal
neutrinos with that of a more familiar tree level, weak
force mediated standard model decay process: muon de-
cay, µ− → νµ + ν¯e + e
−, as the process are very similar
(see Figure 1).
FIG. 1: Diagrams for muon decay (top), charged current me-
diated VPE (bottom left), and neutral current mediated neu-
trino splitting/VPE (bottom right). Time runs from left to
right and the flavor index i represents e, µ, or τ neutrinos.
For muons with a Lorentz factor γµ in the observer’s
frame the decay rate is found to be
Γ = γ−1µ
G2Fm
5
µ
192π3
(11)
where G2F = g
4/32M4W , is the square of the Fermi con-
stant equal to 1.360 × 10−10 GeV−4, with g being the
weak coupling constant and MW being the W -boson
mass in electroweak theory.
We can now apply our effective energy-dependent
mass-squared formalism given by equation (8) to deter-
mine the scaling of the emission rate with the δ parameter
and with energy. Noting that for any reasonable neutrino
mass, mν ≪ 2δνeE
2
ν , it follows that m˜
2(E) ≃ 2δνeE
2
ν .
We therefore make the substitution
m2µ → 2δνeE
2
ν (12)
from which it follows that
γ2µ →
E2ν
2δνeE2ν
= (2δνe)
−1. (13)
The rate for the vacuum pair emission processes (VPE)
is then
Γ ∝ (2δνe)
1/2G2F (2δνeE
2
ν)
5/2 (14)
which gives the proportionality
Γ ∝ G2F δ
3
νeE
5
ν (15)
5showing the strong dependence of the decay rate on both
δνe and Eν . The upper limit on δe in the [d] = 4 case was
obtained in Ref. [15]. These dependences are in agree-
ment with those given in Refs. [17] and [18] and the only
unknown is the numerical coefficient, the calculation of
which we now address.
A. Decay by vacuum electron-positron pair
emission
Above an energy threshold given by
Eth = me
√
2
δ
(16)
[19] with δ ≡ δνe given by equation (10) the rate for the
VPE process, ν → ν e+ e− via the neutral current (NC)
Z-exchange channel, has been calculated by [17] to be
Γ =
1
14
G2F (2δ)
3E5ν
192 π3
= 1.31× 10−14δ3E5GeV GeV. (17)
In general, the charged current (CC) W -exchange
channels contribute as well. However, this channel is only
kinematically relevant for νe’s, as the production of µ or
τ leptons by νµ’s or ντ ’s has a much higher energy thresh-
old due to the large final state particle masses (equation
(16) with me replaced by mµ or mτ ) and our final results
are highly threshold dependent. Owing to neutrino oscil-
lations, neutrinos propagating over large distances spend
1/3 of their time in each flavor state. Thus, the flavor
population of neutrinos from astrophysical sources is ex-
pected to be [νe:νµ:ντ ] = [1:1:1] so that CC interactions
involving νe’s will only be important 1/3 of the time. We
ignore CC interactions involving νe’s in our calculations
but discuss their impact on our conclusions later.
The mean fractional energy loss due to a VPE is ∼
0.78 [17].2 Using equations (10) and (15) and the dy-
namical matrix element taken from the simplest case (ex-
ample 1) derived in Ref. [20], we can generalize equation
(17) to n = 1 and n = 2
Γ =
G2F
192 π3
[(1− 2s2W )
2 + (2s2W )
2]ζnκ
3
n
E3n+5ν
M3nPl
(18)
where sW is the sine of the Weinberg angle (s
2
W = 0.231)
and the ζn’s are numbers of order 1 [20].
For the n = 1 case we obtain the VPE rate
Γ = 1.72× 10−14κ31E
5
GeV (E/MPl)
3 GeV, (19)
2 The vacuum Cˇerenkov emission (VCE) process, ν → ν + γ, is
also kinematically allowed for superluminal neutrinos. However,
since the neutrino has no charge, this process entails the neutral
current channel production of a virtual electron-positron pair
followed by its annihilation into a photon. Thus, the rate for
VCE is a factor of α lower than that for VPE.
and for the n = 2 case we obtain the VPE rate
Γ = 1.91× 10−14κ32E
5
GeV (E/MPl)
6 GeV. (20)
B. Decay by neutrino pair emission (neutrino
splitting)
The process of neutrino splitting in the case of super-
luminal neutrinos, i.e., ν → 3ν is relatively unimportant
in the [d] = 4, n = 0 case considered in Ref. [11] be-
cause neutrinos of comparable energy but different flavor
travel at virtually the same velocity, as indicated by neu-
trino oscillation experiments [16, 17]. In the presence
of [d] > 4 (n > 0) terms in a Planck-mass suppressed
EFT, the energy dependent velocity differences in the
n > 0 cases become significant [18]. Superluminal neu-
trino splitting becomes kinematically allowed because of
the dependence of velocity on energy. The daughter neu-
trinos travel with a smaller velocity. The velocity depen-
dent energy of the parent neutrino is therefore greater
than that of the daughter neutrinos. We therefore con-
sider the n = 1 and n = 2 scenarios in this paper with
particular regard to using the IceCube neutrino observa-
tions [6] to place constraints on superluminality in the
neutrino sector.
The neutrino splitting is an NC interaction. The total
neutrino splitting rate obtained is therefore three times
that of the NC mediated VPE process above threshold.
We assume that the three daughter neutrinos each carry
off approximately 1/3 of the energy of the incoming neu-
trino. Therefore, for the n = 1 case we obtain the neu-
trino splitting rate
Γ = 5.16× 10−14κ31E
5
GeV (E/MPl)
3 GeV, (21)
and for the n = 2 case we obtain the neutrino splitting
rate
Γ = 5.73× 10−14κ32E
5
GeV (E/MPl)
6 GeV. (22)
The threshold energy for neutrino splitting is propor-
tional to the neutrino mass and is, in any case, much
smaller than 100 TeV. We can therefore assume that we
are always above threshold when comparing with the Ice-
Cube data.
IV. THE NEUTRINOS OBSERVED BY
ICECUBE
As of this writing, the IceCube collaboration has iden-
tified 87+14
−10 events from neutrinos of astrophysical origin
with energies above 10 TeV, with the error in the number
of astrophysical events determined by the modeled sub-
traction of both conventional and prompt atmospheric
neutrinos and also penetrating atmospheric muons, par-
ticularly at energies below 60 TeV [21]. Neutrinos iden-
tified to be of astrophysical origin and having energies
6above 60 TeV were found to have an energy spectrum
proportional to E−2ν [6, 21, 22].
There are are four indications that the the bulk of cos-
mic neutrinos observed by IceCube with energies above
0.1 PeV are extragalactic in origin: (1) The arrival dis-
tribution of the 37 reported events with E > 0.1 PeV
observed by IceCube above atmospheric background is
consistent with isotropy, with no significant enhancement
in the galactic plane [6], (2) At least one of the PeV neu-
trinos came from a direction off the galactic plane [6], (3)
The diffuse galactic neutrino flux [23] is expected to be
well below that observed by IceCube, (4) Upper limits
on diffuse galactic γ-rays in the TeV-PeV energy range
imply that galactic neutrinos cannot account for the neu-
trino flux observed by IceCube [24].
Above 60 TeV, the IceCube data are consistent with a
spectrum given by E2ν (dNν/dEν) ≃ 10
−8 GeVcm−2s−1.
Spectra steeper than E−2ν do not give a good fit to the
existing data in the 60 TeV to 2 PeV energy range [25].
However, no neutrino induced events have been seen
above ∼ 2 PeV, as would be expected from extending
an E−2ν spectrum beyond ∼ 2 PeV. In particular, Ice-
Cube has not detected any neutrino induced events from
the Glashow resonance effect at 6.3 PeV. In this effect,
electrons in the IceCube volume provide enhanced target
cross sections for ν¯e’s through the W
− resonance chan-
nel, ν¯e + e
− → W− → shower, at the resonance energy
Eν¯e = M
2
W /2me = 6.3 PeV [26]. This enhancement leads
to an increased IceCube effective area for detecting the
sum of the νe’s, i.e., νe’s plus ν¯e’s by a factor of ∼ 10 [22].
It is usually expected that 1/3 of the potential 6.3 PeV
neutrinos would be νe’s plus ν¯e’s unless new physics is
involved. Thus, the enhancement in the overall effective
area expected is a factor of ∼3. Taking account of the in-
creased effective area between 2 and 6 PeV and a decrease
from an assumed neutrino energy spectrum of E−2ν , we
would expect about 3 events at the Glashow resonance
provided that the number of ν¯e’s is equal to the number
of νe’s. Even without considering the Glashow resonance
effect, several neutrino events above 2 PeV would be ex-
pected if the E−2ν spectrum extended to higher energies.
Thus, the lack of neutrinos above 2 PeV energy and at
the 6.3 PeV resonance may be indications of a cutoff in
the neutrino spectrum.
V. CALCULATIONS OF SUPERLUMINAL
NEUTRINO PROPAGATION WITH [d] > 4
OPERATOR DOMINANCE
We have used Monte Carlo techniques to determine
the effect of neutrino splitting and VPE on putative su-
perluminal neutrinos propagating from cosmological dis-
tances under the assumption of the dominance of Planck
mass suppressed LIV operators with [d] > 4. Our Monte
Carlo codes take account of energy losses by both neu-
trino splitting and VPE as well as redshifting of neu-
trinos emitted from sources at cosmological distances.
As in Ref. [11], we consider a scenario where the neu-
trino sources have a redshift distribution that follows
that of the star formation rate [27]. This redshift dis-
tribution appears to be roughly applicable for both ac-
tive galactic nuclei and γ-ray bursts. We assume a sim-
ple source spectrum proportional to E−2 between 100
TeV and 100 PeV as is the case for cosmic neutrinos ob-
served by IceCube with energies above 60 TeV [6]. We
generate Monte Carlo events using these two distribu-
tions. Our final results are normalized to an energy flux
of E2ν (dNν/dEν) ≃ 10
−8 GeVcm−2s−1sr−1, as is consis-
tent with the IceCube data for both the southern and
northern hemisphere for energies between 60 TeV and 2
PeV. [6]. In our Monte Carlo runs we considered VPE
threshold energies between 10 PeV and 40 PeV for the
VPE process, corresponding to values of δνe between
5.2 × 10−21 and 3.3 × 10−22. By propagating our test
neutrinos including energy losses from VPE, neutrino
splitting, and redshifting using our Monte Carlo code,
we obtained final neutrino spectra and compared them
with the IceCube results.
Given that neutrinos detected by IceCube are extra-
galactic, cosmological effects should be taken into ac-
count in deriving new LIV constraints. The reasons are
straightforward. As opposed to the extinction of high en-
ergy extragalactic photons through electromagnetic in-
teractions [28], neutrinos survive from all redshifts be-
cause they only interact weakly. It follows that since the
universe is transparent to neutrinos, most of the cosmic
PeV neutrinos will come from sources at redshifts be-
tween ∼0.5 and ∼2 [27]. Therefore, along with energy
losses by VPE [17] and neutrino splitting, energy losses
by redshifting of neutrinos and the effect of the cosmo-
logical ΛCDM redshift-distance relation
D =
c
H0
z∫
0
dz′
(1 + z′)
√
ΩΛ +ΩM(1 + z′)3
(23)
need to be included in the determination of δν .
As in Ref. [11], we assume a flat ΛCDM universe with
a Hubble constant of H0 = 67.8 km s
−1 Mpc−1 along
with ΩΛ = 0.7 and ΩM = 0.3. Thus the energy loss due
to redshifting is given by
− (∂ logE/∂t)redshift = H0
√
Ωm(1 + z)3 +ΩΛ. (24)
The decay widths for the VPE process are given by equa-
tions (19) and (20) for the cases n = 1 and n = 2 re-
spectively while those for neutrino splitting are given by
equations (21) and (22).
VI. RESULTS
A. [d] = 6 CPT Conserving Operator Dominance
As found before [11], the best fit to the IceCube
data corresponds to a VPE rest-frame threshold energy
7FIG. 2: Separately calculated n = 2 neutrino spectra with
the VPE case shown in blue and the neutrino splitting case
shown in green. The black spectrum takes account of all three
processes (redshifting, neutrino splitting, and VPE) occurring
simultaneously. The rates for all cases are fixed by setting the
rest frame threshold energy for VPE at 10 PeV. The neutrino
spectra are normalized to the IceCube data both with (gray)
and without (black) an estimated flux of prompt atmospheric
neutrinos subtracted. [6].
Eν,th = 10 PeV as shown in Figure 2. This corresponds
to δνe ≡ δν − δe ≤ 5.2 × 10
−21. Noting that δe ≤
5×10−21 [15], we found previously that δν ≤ 1.0×10
−20.
Should we assume that δe is negligible compared to δν [15]
then δν ≃ δνe. We note that one can not assume that δν
and δe are equal. Models can be constructed where δν
and δe are independent and it has even been suggested
that LIV may occur only in the neutrino sector [20].
Values of Eν,th less than 10 PeV are inconsistent with
the IceCube data. The result for a 10 PeV rest-frame
threshold energy, corresponding to δνe = 5.2 × 10
−21,
is just consistent with the IceCube results, giving a cut-
off effect above 2 PeV. Thus for the conservative case
of no-LIV effect, e.g., if one assumes a cutoff in the
intrinsic neutrino spectrum of the sources, or one as-
sumes a slightly steeper PeV-range neutrino spectrum
proportional to E−2.3ν , we previously obtained the con-
straint on superluminal neutrino velocity, δν = δνe+δe ≤
1.0× 10−20 [11].
In the case of the CPT conserving [d] = 6 operator
(n = 2) dominance, the results in Figure 2 show a high-
energy drop off in the propagated neutrino spectrum near
the redshifted VPE threshold energy and a pileup in the
spectrum below that energy. This predicted drop off may
be a possible explanation for the lack of observed neu-
trinos above 2 PeV (see Section V) as suggested previ-
ously [11]. This pileup is caused by the propagation of
the higher energy neutrinos in energy space down to en-
ergies within a factor of ∼5 below the VPE threshold.
This is indicative of the fact that fractional energy loss
from the last allowed neutrino decay before the VPE pro-
cess ceases is 0.78 [17] and that for neutrino splitting is
taken to be 1/3. The pileup effect is similar to that of
energy propagation for ultrahigh energy protons near the
FIG. 3: Calculated n = 0 (red) and n = 2 (black, as in Figure
2) neutrino spectrum obtained for the VPE process only (no
neutrino splitting) simultaneously with redshifting. The rates
for all cases are fixed by setting the threshold energy for VPE
at 10 PeV
FIG. 4: Mean decay times for neutrino splitting process in
the n = 2 case obtained by setting the threshold energy for
VPE at 10 PeV (black), 20 PeV (green), and 40 PeV (blue).
GZK threshold [29].
The pileup effect caused by the neutrino splitting pro-
cess is more pronounced than that caused by the VPE
process because neutrino splitting produces two new
lower energy neutrinos per interaction. This would be
a way of distinguishing a dominance of [d] > 4 Planck-
mass suppressed interactions from [d] = 4 interactions.
Thus, with better statistics in the energy range above
100 TeV, a significant pileup effect would be a signal of
Planck-scale physics.
In order to test for threshold effects in the VPE pro-
cess, we employed a Monte Carlo routine to find the
opening up of phase space. We assume the same LIV
parameters for every particle but with an electron mass
for two of the outgoing states. We find that the entirety
of phase space is available when the energy reaches about
1.6 times that of threshold. Threshold effects should
therefore have little impact on our results, as above this
value full rates are operative. In practice, neutrinos near
threshold rarely pair produce before dropping below this
8FIG. 5: Calculated n = 2 spectra taking into account of all
three processes (redshifting, neutrino splitting, and VPE) oc-
curring simultaneously for rest frame VPE threshold energies
of 10 PeV (black, as in Figure 2), 20 PeV (green), and 40 PeV
(blue). The IceCube data are as in Figure 2 [6].
energy due to redshifting since their mean decay times
increase with their decreasing energy as they propagate.
A Monte Carlo exploration of phase space for neutrino
splitting yields similar results however the threshold for
this reaction is in the GeV range meaning that full rates
apply throughout our calculation. This also justifies our
assumption that the neutrino splitting and VPE rates are
similar per decay channel.
Throughout our calculation we have assumed that a
neutrino loses 0.78 of its initial energy per VPE inter-
action. Equation (18) shows that the VPE rates do not
differ by more than 45% between the n = 0 and n = 2
cases. This reflects the difference in the phase space fac-
tors, since the dynamical matrix elements are the same,
indicating that this is also the maximum deviation in the
fraction of energy carried off by the neutrino in VPE. It
is likely that the deviation would be at most a third of
that in a three-body decay, viz., 15% meaning that the
resulting energy fraction for the n = 2 case could be as
high as 0.25. We tested this and found that it produces
no discernible difference in the spectra. We also tested an
energy fraction of 0.5 and found that even this extreme
case would generate no observational consequences on the
pileup effect.
In Figure 3, we plot the VPE process alone (along with
redshifting) for the CPT - conserving cases n = 0 and
n = 2. We see that the resulting spectra are indistin-
guishable below threshold. Events above the redshifted
threshold pair produce in relatively short times compared
to cosmological timescales regardless of the energy depen-
dence, making the spectra for n = 0 and n = 2 below the
redshifted threshold indistinguishable. We can only see
the expected differences in the steepening of the spectra
for energies above threshold owing to the rate differences
between n = 0 and n = 2 given by equation (18).
As can be seen in Figure 4, the mean decay times
increase for the neutrino splitting process with increas-
ing choice of VPE threshold. The increased mean decay
times have the effect of reducing the pileup for increased
choice of threshold as fewer neutrino splitting events will
occur. Thus the pileup becomes a somewhat less sensi-
tive test of Planck-scale effects with increasing threshold
energies. Figure 5 shows the effects of choosing different
threshold energies. The dominant process continues to
be that of neutrino splitting but with decreasing impor-
tance.
B. [d] = 5 CPT Violating Operator Dominance
In the n = 1 case, the dominant [d] = 5 operator vio-
lates CPT . Thus, if the ν is superluminal, the ν¯ will be
subluminal, and vice versa. However, the IceCube detec-
tor cannot distinguish neutrinos from antineutrinos. The
incoming ν(ν¯) generates a shower in the detector, allow-
ing a measurement of its energy and direction. Even in
cases where there is a muon track, the charge of the muon
is not determined.
There would be an exception for electron antineutri-
nos at 6.3 PeV, given an expected enhancement in the
event rate at the W− Glashow resonance since this res-
onance only occurs with ν¯e. However, as we have dis-
cussed, no events have been detected above 2 PeV. We
note that ν − ν¯ oscillation measurements would give the
strongest constraints on the difference in δ’s between ν’s
and ν¯’s [16].
Since both VPE and neutrino splitting interactions
generate a particle-antiparticle lepton pair, one of the
pair particles will be superluminal (δ > 0) whereas the
other particle will be subluminal (δ < 0) [30]. Thus,
of the daughter particles, one will be superluminal and
interact, while the other will only redshift. We have ac-
counted for this in our simulations.
Figure 6 shows the results in the CPT -violating n = 1
case, assuming 100%, 50% and 0% initial superluminal
neutrinos (antineutrinos) and propagating the spectrum
using our Monte Carlo program and taking account of
the fact that in all cases, one of the daughter leptons is
subluminal and therefore does not undergo further inter-
actions. As a sanity check, we see that in the 0% case
only redshifting occurs, preserving the initial E−2 spec-
trum. The other cases show the effect of VPE and neu-
trino splitting by both the initial fraction of superluminal
neutrinos and the superluminal daughter neutrinos.
Thus, as opposed to the CPT -conserving n = 2 case,
no clearly observable cut off is produced, with the possi-
ble unrealistic exception of postulating that only super-
luminal ν’s (or superluminal ν¯’s) are produced in cosmic
sources. That case, shown in black in Fig. 6, as well as
the other case of postulating no initial superluminal neu-
trinos, shown in red, are shown for illustrative purposes.
The 50/50 case, shown in blue, is more realistic.
We note that in the n = 1, CPT -odd case, the de-
tails of the kinematics are different from the n = 0 and
n = 2, CPT -even cases because in the CPT -odd case
9FIG. 6: Calculated n = 1 neutrino spectra assuming 100%
(black), 50% (blue) and 0% (red) initial superluminal neutri-
nos (antineutrinos). The neutrino spectra are normalized to
the IceCube data [6].
the signs of δ are opposite for ν’s and ν¯’s. If we assume
that they are equal and opposite, then the rate given
in equation (18) would maximally be altered by replac-
ing the δ with 2δ. Since the source kinematics dominate
as the daughter energies are comparable, doubling delta
should overestimate their contribution to the overall rate.
We have applied Monte Carlo techniques to explore the
phase space and find that the subliminal particle will
carry away a slightly higher fraction of the energy after
the split (∼ 40%) in the CPT -odd case. By making these
modifications to our code we find that there is little ob-
servational difference between the modified results and
those obtained assuming the same rate as given by equa-
tion (18). An exact treatment of the kinematics for CPT -
odd, which are complex, are therefore unnecessary and
our spectral results in the CPT -odd case given in Figure
6 are a good approximation to an exact treatment.
VII. CONCLUSIONS
In this paper, we have explored the effects of [d] >
4 Planck-mass suppressed operators on the propagation
and resulting energy spectrum of superluminal neutrinos
of extragalactic origin. We have expressed these Lorentz
violating perturbations as a modifications of the energy-
momentum dispersion relation in the form δνe ≃ δν ≡
δn (see discussion in IIIA) for Planck mass suppressed
energy dependent values of δn as defined in equation (10).
These terms can arise from higher dimension operators
in the EFT formalism [8].
We find that a high-energy drop off in a propagated
superluminal neutrino spectrum above ∼ 2 PeV results
from kinematically allowed weak neutral current pro-
cesses in the CPT -conserving cases. The drop off matches
the observed neutrino spectra for energy dependent val-
ues of δn fixed to be 5.2 × 10
−21 at 10 PeV as shown in
Figure 2. This implies a required value for κ2 of 7.8×10
3
with κ2 as defined in equation (10). Our new results ap-
ply directly to both the [d] = 4 case as found before [11]
and to the [d] = 6 operator in the SME [30, 31]. These
values are very well defined by the fit shown in Figure 2
combined with the strong functional relation δ ∝ E−2th .
We have not included the effect of CC interactions in-
volving νe’s in our calculations. However, as noted in Sec-
tion IIIA, the contribution from CC interactions is flavor
suppressed by a factor of three relative to the NC channel.
There is again further flavor suppression of VPE relative
to neutrino splitting, as neutrino splitting involves three
possible final state neutrino flavor decay channels with
negligible velocity differences [16] whereas VPE involves
only the electronic sector [18]. Hence neutrino splitting
becomes the dominant energy loss mechanism and the
charged current contribution to the VPE rate is a small
correction to the overall observational signal. This cor-
rection will not affect the cutoff energy, but will only
produce a small, presently unobservable, contribution to
the pileup effect.
We further note that, should the CPT -violating [d] =
5 operator dominate, we would find an absence of a clear
cutoff in the propagated neutrino spectrum. Since this
result contradicts our thesis that the observed 2 PeV drop
off in the neutrino spectrum may be due to Planck-scale
physics, we can conclude that, within this framework, the
dominant term in the EFT can not be a CPT -violating
the dimension-5 operator.
In the SME EFT formalism, our results have significant
quantitative implications: If the cutoff above ∼ 2 PeV
in the neutrino spectrum is caused by LIV, this would
result from an EFT with either a dominant dimension-
4 term with c˚(4) = −δνe = 5.2 × 10
−21 as given in
Ref. [15], or by a dominant SME dimension-6 term with
c˚(6) = −κ2/M
2
Pl ≥ −5.2 × 10
−35 GeV−2. We further
find that the pileup feature is more pronounced in the
case of [d] = 6 operator dominance than in the [d] = 4
case. The detection of a pronounced pileup feature just
below a ∼ 2 PeV cutoff energy would require the de-
tection of many more astrophysical neutrinos above 100
TeV. However, the detection of such a pronounced pileup
together with a cutoff would be prima facie evidence of
CPT -even LIV that becomes strong ∼ 2 orders of mag-
nitude below the Planck scale. In this regard, we note
that CPT -even LIV in the gravitational sector at ener-
gies below the Planck energy has been considered in the
context of Horˇava-Lifshitz gravity [32], thus allowing a
potential theoretical basis for our EFT analysis of the
IceCube observations.
On the other hand, if the cutoff is caused by a nat-
ural break in the neutrino spectra of the astrophysical
neutrino sources, the above numbers for the c˚(4) and c˚(6)
SME coefficients then become the best limits on these
values. Such limits would be significantly better than
those derived in Ref. [31] because we realistically take
account of the redshift distribution of extragalactic neu-
trino sources and we therefore find a higher effective rest-
frame threshold energy.
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